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need f o r r e o r g a n i z a t i o n of i n t r a m o l e c u l a r and s o l v e n t i n t e r n u c l e a r d i s t a n c e s p r i o r t o e l e c t r o n t r a n s f e r .
For r e a c t i o n s w i t h r e l a t i v e l y s m a l l d r i v i n g f o r c e ("normal" free-energy r e g i o n ) t h e n u c l e a r f a c t o r s and r a t e s i n c r e a s e as i n t r i n s i c i n n e r -s h e l l and o u t e r -s h e l l b a r r i e r s d e c r e a s e ; t h i s i s i l l u s t r a t e d by d a t a f o r t r a n s i t i o n m e t a l complexes i n t h e i r ground e l e c t r o n i c s t a t e s . By c o n t r a s t , i n t h e i n v e r t e d free-energy r e g i o n , rates and n u c l e a r f a c t o r s d e c r e a s e w i t h d e c r e a s i n g " i n t r i n s i c " b a r r i e r s ; t h i s i s i l l u s t r a t e d by d a t a f o r t h e decay of c h a r g e -t r a n s f e r e x c i t e d s t a t e s .
S e v e r a l approaches t o t h e e v a l u a t i o n of t h e o u t e r -s h e l l b a r r i e r a r e e x p l o r e d i n a n i n v e s t i g a t i o n of t h e d i s t a n c e dependence of t h e n u c l e a r f a c t o r i n i n t r a m o l e c u l a r e l e c t r o n -t r a n s f e r p r o c e s s e s .
O n e -e l e c t r o n -t r a n s f e r r e a c t i o n s a r e a t t h e h e a r t of b i o l o g i c a l energy t r a n s d u c t i o n and many e l e c t r o c h e m i c a l , photochemical, and t h e r m a l r e a c t i o n sequences. For e l e c t r o n t r a n s f e r between a gaseous atom and i t s i o n , t h e r e i s no e n e r g y b a r r i e r t o the exchange. However, f o r t h e c o r r e s p o n d i n g p r o c e s s i n s o l u t i o n o r o t h e r condensed media, a n i n t r i n s i c b a r r i e r t o t h e exchange d e v e l o p s a s a consequence of t h e r a d i c a l d i f f e r e n c e between e l e c t r o n mass ( v e l o c i t y ) and t h a t c h a r a c t e r i s t i c of t h e atoms i n t h e m o l e c u l e s s u r r o u n d i n g t h e r e a c t i o n p a r t n e r s
( r e f . 1-7); e l e c t r o n motion i s many o r d e r s of magnitude more r a p i d t h a n n u c l e a r motion.
For c o n c r e t e n e s s , c o n s i d e r t h e t r a n s f e r of a n e l e c t r o n between i r o n ( I 1 ) and i r o n ( I I 1 ) i n w a t e r d e p i c t e d i n Fig. 1 . The s i x water m o l e c u l e s complexed t o t h e F e ( I 1 ) have l o n g e r Fe-0 d i s t a n c e s t h a n t h o s e conplexed t o t h e F e ( I I 1 ) .
In a d d i t i o n , t h e d i p o l e s of t h e " o u t e r s h e l l "
w a t e r m o l e c u l e s s o l v a t i n g t h e F e ( H 2 0 )~~' and Fe(H 0 )~~' ions a r e more s t r o n g l y o r i e n t e d i n t h e v i c i n i t y of t h e more h i g h l y charged Fe(H 0 3 p . As i s i l l u s t r a t e d i n Fig. 2 , t h e sudden t r a n s f e r of an e l e c t r o n from t h e F e ( H 2 0 )~~' :?the F e ( H 2 0 )~~+ ( b o t h r e a c t a n t s i n t h e i r e q u i l i b r i u m c o n f i g u r a t i o n s ) would y i e l d product Fe(H2 0 )~~' and Fe(H20)62+ i n non-equilibrium environments.
Although s u c h a " v e r t i c a l " t r a n s f o r m a t i o n c a n be accomplished i n a photo-induced e l e c t r o n t r a n s f e r (hv = A ) , t h e r m a l e l e c t r o n -t r a n s f e r r e a c t i o n s proceed by a c Reactants P r o d u c t s 
. I l l u s t r a t i o n of t h e change i n t h e e q u i l i b r i m n u c l e a r c o n f i g u r a t i o n s of t h e i n n e r -c o o r d i n a t i o n s h e l l s of t h e r e a c t a n t s ( r e p r e s e n t e d by t h e d i f f e r e n c e i n t h e r a d i i of t h e o x i d i z e d and reduced forms of t h e redox couple) and t h e change i n t h e a v e r a g e o r i e n t a t i o n s of t h e s o l v e n t d i p o l e s t h a t r e s u l t from t h e t r a n s f e r of an
e l e c t r o n i n a n exchange r e a c t i o n .
N. SUTlN e t a / . 
. P l o t of t h e f r e e e n e r g y of t h e r e a c t a n t s (R, l e f t -h a n d p a r a b o l a ) and p r o d u c t s ( P , right-hand p a r a b o l a ) as a f u n c t i o n of n u c l e a r c o n f i g u r a t i o n ( r e a c t i o n c o o r d i n a t e ) f o r a n electron-exchange r e a c t i o n . The s p l i t t i n g a t t h e i n t e r s e c t i o n of t h e c u r v e s i s ~H A B , where HAB i s t h e e l e c t r o n i c c o u p l i n g m a t r i x element.
is t h e v e r t i c a l d i f f e r e n c e between t h e f r e e e n e r g i e s of t h e r e a c t a n t s and p r o d u c t s a t t h e e q u i l i b r i u m n u c l e a r c o n f i g u r a t i o n of t h e r e a c t a n t s . Thermal e l e c t r o n t r a n s f e r o c c u r s a t t h e n u c l e a r c o n f i g u r a t i o n a p p r o p r i a t e t o t h e i n t e r s e c t i o n of t h e r e a c t a n t and product c u r v e s .
X lower e n e r g y p a t h i n which i n n e r -s h e l l and o u t e r -s h e l l n u c l e i r e a r r a n g e t o a n i n t e r m e d i a t e c o n f i g u r a t i o n i n which t h e energy of t h e e l e c t r o n is t h e same a t e i t h e r redox s i t e . "Sudden"
e l e c t r o n t r a n s f e r can now o c c u r w i t h e n e r g y c o n s e r v a t i o n . The requirement f o r n u c l e a r r e o r g a n i z a t i o n p r i o r t o t h e r m a l e l e c t r o n t r a n s f e r g i v e s r i s e t o AG* = '14, t h e free-energy b a r r i e r t o t h e e l e c t r o n exchange. T h i s b a r r i e r and i t s dependence on r e a c t a n t p r o p e r t i e s , r e a c t a n t s e p a r a t i o n , and t h e n a t u r e of t h e s u r r o u n d i n g medium form t h e s u b j e c t of t h i s paper.
Within a s e m i c l a s s i c a l framework ( r e f . 4-7), t h e f i r s t -o r d e r r a t e c o n s t a n t k f o r i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r between e l e c t r o n donor and a c c e p t o r is t h e product of an e l e c t r o n i c t r a n s m i s s i o n c o e f f i c i e n t K & , a n u c l e a r v i b r a t i o n f r e q u e n c y v, t h a t t a k e s t h e a c t i v a t e d r e a c t a n t s on t o p r o d u c t s , and t h e n u c l e a r f a c t o r K~: ( F o r b i m o l e c u l a r r e a c t i o n s t h e same framework i s a p p l i c a b l e once t h e b i m o l e c u l a r r a t e c o n s t a n t $ ( I T 1 s-') h a s been c o n v e r t e d t o a f i r s t -o r d e r r a t e c o n s t a n t by i n c o r p o r a t i n g t h e s t a b i l i t y c o n s t a n t KA ( T I ) f o r f o r m a t i o n of t h e p r e c u r s o r complex from t h e s e p a r a t e d r e a c t a n t s ( r e f . 5 1 , i.e. k ( s -' ) = b / K e v a l u a t e d from KA = (4nNu26r/1000) e x p f~w ( u ) / R T ] , where u is t h e sum of t h e van d e r Waals r a d i i of t h e two r e a c t a n t s , 6 r is t h e range of s e p a r a t i o n d i s t a n c e s over which t h e r a t e is a p p r e c i a b l e and w is t h e work r e q u i r e d t o b r i n g t h e two r e a c t a n t s t o g e t h e r . )
The e l e c t r o r t r a n s f e r r e a c t i o n i s a d i a b a t i c ( K~E IJ 1 ) when t h e p r o b a b i l i t y of a c t i v a t e d r e a c t a n t s g o i n g on t o p r o d u c t s i s h i g h and n o n a d i a b a t i c (~~1 C 1) when t h e p r o b a b i l i t y is low. The r e a c t i o n a d i a b a t i c i t y is d e t e r m i n e d by t h e magnitude of t h e r e a c t a n t -p r o d u c t e l e c t r o n i c c o u p l i n g HAB; t h e s p l i t t i n g of t h e r e a c t a n t -p r o d u c t "curves" (~H A B , s e e Fig. 2 ) d e t e r m i n e s K & .
For n o n a d i a b a t i c r e a c t i o n s i t is c o n v e n i e n t t o c o n s i d e r t h e product of t h e e l e c t r o n i c f a c t o r K & and t h e n u c l e a r v i b r a t i o n f r e q u e n c y v n ( r e f . 4 , 5 ) :
In t h e a p p l i c a t i o n s t r e a t e d h e r e KA is Provided t h a t t h e f r e e -e n e r g y s u r f a c e s are harmonic w i t h i d e n t i c a l "reduced" f o r c e c o n s t a n t s ( r e f . 4 , 5 ) , t h e c l a s s i c a l n u c l e a r f a c t o r K~ is g i v e n ( r e f . 1,2,4-7) by e q s 3-5:
When t h e f r e e e n e r g y change f o r t h e r e a c t i o n AGO i s z e r o ( a s i n a n exchange r e a c t i o n ) , AG* = X/4 where X i s comprised of b o t h " f a s t " i n n e r -s h e l l (Xin) and "slow" o u t e r -s h e l l (Aout) r e o r g a n i z a t i o n s ( e q 5 ) .
from b o t h m e t a l -l i g a n d and i n t r a l i g a n d bond d i s t a n c e and bond a n g l e changes. D e s i g n a t i n g t h e reduced and o x i d i z e d p a r t n e r s of a redox c o u p l e (e.g. Fe(H20)6'+ and F e ( H p o )~~+ ) a s 2 and 3, r e s p e c t i v e l y , t h e i n n e r s h e l l r e o r g a n i z a t i o n energy f o r t h e c o u p l e ( r e f . 4-7) is For t r a n s i t i o n m e t a l complexes X i n c o n t a i n s c o n t r i b u t i o n s 0 0 w h g r e y i i s a reduced f o r c e c o n s t a n t f o r t h e i t h i n n e r -s h e l l v i b r a t i o n , (dp -d 3 ) i = Adi i s t h e d i f f e r e n c e in t h e e q u i l i b r i u m bond d i s t a n c e s i n t h e two o x i d a t i o n states, and t h e sunmation is o v e r a l l t h e i n t r a m o l e c u l a r v i b r a t i o n s ( f o r t h e Fe(€$O)62+/3+ system, o v e r t h e 12 m e t a l -l i g a n d bonds i f o n l y t h e b r e a t h i n g motions of t h e two o c t a h e d r a l r e a c t a n t s a r e c o n s i d e r e d ) . Here a d i e l e c t r i c continuum model ( r e f . 1 , 8 , 9 ) w i l l be used t o e v a l u a t e Aout: d i e l e c t r i c continuun w i t h a p o l a r i z a t i o n made u p of two p a r t s , a r e l a t i v e l y r a p i d , e l e c t r o n i c and a s l o w e r , vibrational-orientational p o l a r i z a t i o n . For t h e s p e c i a l case of two s p h e r i c a l r e a c t a n t s of r a d i u s % and aa s e p a r a t e d ( c e n t e r -t c -c e n t e r ) by t h e d i s t a n c e r ( r > a2 + a 3 ) , l o u t i s g i v e n by eq 7 ( r e f . 1 , 8 , 9 ) where Doe and D, a r e , r e s p e c t i v e l y , t h e o p t i c a l and s t a t i c d i e l e c t r i c c o n s t a n t s of t h e bulk s o l v e n t . Although eq 7 is o n l y v a l i d when r > (a, + a 3 ) , i t h a s o f t e n been used f o r r 5 (a2 + a 3 ) .
The medium o u t s i d e t h e i n n e r c o o r d i n a t i o n s h e l l s of t h e r e a c t a n t s is t r e a t e d a s a --- Fig. 3 shows s e c t i o n s t h r o u g h t h e p a r a b o l i c b a s i n s o b t a i n e d by p l o t t i n g t h e f r e e e n e r g i e s of t h e r e a c t a n t s and p r o d u c t s as a f u n c t i o n of t h e n u c l e a r c o n f i g u r a t i o n of t h e i r i n n e r -and o u t e r -c o o r d i n a t i o n s h e l l s .
The s t r a i g h t l i n e j o i n i n g t h e R and P minima i s t h e r e a c t i o n c o o r d i n a t e ; t h i s l i n e i s t h e a b s c i s s a f o r t h e p l o t i n Fig. 2 . The dashed l i n e i s t h e p a t h of s t e e p e s t d e s c e n t from t h e a c t i v a t e d complex t o t h e R and P minima; t h i s pathway is r e l e v a n t t o t h e d e s c r i p t i o n of t h e d e t a i l e d dynamics of t h e r e a c t i o n .
E v i d e n t l y t h e r e o r g a n i z a t i o n f i r s t o c c u r s a l o n g t h e s l o w e r , s o l v e n t mode w i t h t h e c o n t r i b u t i o n from t h e f a s t e r , i n n e r s h e l l mode i n c r e a s i n g a s t h e a c t i v a t e + c o m p l e x c o n f i g u r a t i o n i s approached. o t t i n g t h e f r e e e n e r g i e s of t h e r e a c t a n t s R and p r o d u c t s P i n a n exchange r e a c t i o n (AGO = 0) as a f u n c t i o n of t h e n u c l e a r c o n f i g u r a t i o n s i n t h e i r inner-and o u t e r -s h e l l s .
A q u a d r a t i c dependence of t h e f r e e e n e r g y on t h e n u c l e a r c o n f i g u r a t i o n c o o r d i n a t e s is assumed. A c u t a l o n g t h e s t r a i g h t l i n e j o i n i n g t h e R and P minima y i e l d s Fig. 2 .
FREE-ENERGY R E G I M E S
In Fig. 2 , a n exchange r e a c t i o n was c o n s i d e r e d . When a d r i v i n g f o r c e o r n e t f r e e -e n e r g y change i s i n t r o d u c e d (AGO < O ) , t h e i n t e r s e c t i o n of t h e r e a c t a n t and t h e l e f t ( r e f . 1-7).
In t h e s c -c a l l e d "normal" f r e e e n e r g y r e g i o n ( d e c r e a s e s and t h e n u c l e a r f a c t o r i n c r e a s e s a s t h e d r i v i n g f o r c e f o r f a v o r a b l e .
When A G o / X = 1 t h e r e a c t i o n i s AG* = 0 and K~ = 1. However, i n v e r t e d r e g i o n ; h e r e AG* i n c r e a s e s and i n c r e a s i n g d r i v i n g f o r c e . I O I = > l ) , t h e system e n t e r s t h e p r o f i l e which emerges when t h e d r i v i n g f o r c e i s i n c r e a s e d a t c o n s t a n t X is shown i n Fig. 4 ; t h e r a t e and n u c l e a r f a c t o r s are maximal when A G X and f a l l s y m m e t r i c a l l y a t smaller and normal and i n v e r t e d f r e e e n e r g y r e g i o n s ( r e f . 1,13-15).
Consequently, w h i l e diminished r e a c t a n t s e p a r a t i o n o r s o l v e n t p o l a r i t y promote r a p i d e l e c t r o n t r a n s f e r i n t h e normal f r e e e n e r g y r e g i o n , t h e o p p o s i t e i s t r u e i n t h e i n v e r t e d r e g i o n . 
Again t h e r a t e i s By c o n t r a s t , when f a c t o r responds op e l y t o changes i n t h e i n t r i n s i c b a r r i e r s A i n and A o u t i n t h e
> ' A , I n c r e a s i n g X n c r a s e s K~ and t h e rate. 
. I l l u s t r a t i o n of t h e o p p o s i t e e f f e c t s of A changes on t h e magnitude of t h e n u c l e a r f a c t o r i n t h e normal and i n v e r t e d f r e e -e n e r g y r e g i o n s .
The A changes can a r i s e , f o r example, from changes i n " s o l v e n t p o l a r i t y " o r donor-acceptor s e p a r a t i o n ( r e f . 13-15).
E q u a t i o n s 3-5 a r e classical e x p r e s s i o n s ; t h e y a r e v a l i d i n t h e high-temperature l i m i t , i.e., when hv << 2kT f o r a l l of t h e modes t h a t undergo r e o r g a n i z a t i o n . Nuclear t u n n e l i n g e f f e c t s a r e i m p o r t a n t when hv > ZkT, t h a t i s , a t low t e m p e r a t u r e o r when a high-frequency mode i s involved. Nuclear t u n n e l i n g c o r r e c t i o n s a r e n o t important f o r t y p i c a l exchange r e a c t i o n s a t room t e m p e r a t u r e , and a r e , i n g e n e r a l , small i n t h e normal r e g i o n . However, such e f f e c t s can be v e r y l a r g e i n t h e i n v e r t e d r e g i o n , p a r t i c u l a r l y when high-frequency modes a r e i n v o l v e d ( r e f . 3,5-7,lO-12), and r e s u l t i n t h e l o g a r i t h m of t h e r a t e c o n s t a n t depending on t h e f i r s t power of t h e d r i v i n g f o r c e (energy-gap law of r a d i a t i o n l e s s -t r a n s i t i o n t h e o r y ) r a t h e r t h a n on t h e second power p r e d i c t e d by t h e c l a s s i c a l t h e o r y .
The o r g a n i z a t i o n of t h e remainder of t h e a r t i c l e i s as f o l l o w s . F i r s t we c o n s i d e r b i m o l e c u l a r exchange r e a c t i o n s (AGO = 0). i n b r i d g e d systems and m e t a l l o p r o t e i n s (normal r e g i o n ) . F i n a l l y we c o n s i d e r t h e s p e c t r a and l i f e t i m e s of metal-to-ligand c h a r g e -t r a n s f e r e x c i t e d s t a t e s ( i n v e r t e d r e g i o n ) . The emphasis throughout i s on t h e dependence o f X o u t on t h e s i z e and s h a p e of t h e system and on t h e d i s t a n c e s e p a r a t i n g t h e redox s i t e s .
Next we d i s c u s s i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r
EVALUATING CONTRIBUTIONS T O THE NUCLEAR FACTOR
Inner-shell barriers When b o t h s t r u c t u r a l (X-ray, EXAFS) and v i b r a t i o n a l ( I R , Raman) d a t a are a v a i l a b l e f o r b o t h p a r t n e r s i n a r e d o x c o u p l e , X i n c a n b e c a l c u l a t e d from eq 6. t r a n s i t i o n metal c o u p l e s ( r e f . 16) range from ca. 0 ( R u 
The s t r u c t u r e s of s u c h complexes a r e e x t r e m e l y s e n s i t i v e t o p o p u l a t i o n of t h e metal a n t
i b o n d i n g o d o r b i t a l s , t h e d -o r b i t a l s d i r e c t e d toward t h e c o o r d i n a t e d atoms. A d r a m a t i c i l l u s t r a t i o n of t h i s s t r u c t u r a l s e n s i t i v i t y and t h e r o l e i t p l a y s i n d e t e r m i n i n g
e l e c t r o r r t r a n s f e r r a t e s i s provided by t h e p o l y p y r i d i n e c o u p l e s i n T a b l e 1.
TABLE 1. V a r i a t i o n o f e l e c t r o n self-exchange rate c o n s t a n t s ( e q 8) w i t h e l e c t r o n i c c o n f i g u r a t i o n ( w a t e r , 25 'C; bpy = 2 , 2 ' -b i p y r i d i n e ; r e f . 1 7 , 1 8 ) .
Although Ad' v a r i e s markedly, c o r r e l a t i n g w i t h t h e t r a n s f e r of a n " a n t i b o n d i n g " e l e c t r o n i n t h e exchange, t h e r a d i i of t h e r e a c t a n t s are e s s e n t i a l l y c o n s t a n t ( b e c a u s e of t h e r e l a t i v e l y l a r g e b u l k of t h e bpy o r t e r p y l i g a n d ) .
r e a c t a n t c o n t a c t , r = % + aa = 2 a , Aout w i l l be c o n s t a n t f o r t h e series.
t h a t K & does n o t v a r y , changes i n t h e self-exchange r a t e s h o u l d r e f l e c t only v a r i a t i o n i n X i n . 
This h y p o t h e s i s i s t e s t e d i n

n d s t o t h a t u s e d i n t h e t a b l e .
Changes i n bond a n g l e s and i n i n t r a l i g a n d bond d i s t a n c e s have been n e g l e c t e d in c a l c u l a t i n g X i n and t h e e f f e c t i v e mass of a p y r i d i n e i n t h e p o l y p y r i d i n e was t a k e n a s 32. See a l s o r e f . 17.
c o r r e l a t i o n a r e e x p e c t e d , because only changes i n t h e m e t a l -l i g a n d bond l e n g t h s are c o n s i d e r e d and b e c a u s e K & may v a r y , i t i s e v i d e n t t h a t t h e e i g h t o r d e r s of magnitude range i n r a t e c o n s t a n t s i n T a b l e 1 arises predominantly from v a r i a t i o n s i n A i n .
Outer-shell barriers c o u p l e s might b e a c h i e v e d by s e q u e n t i a l l y r e p l a c i n g N b l i g a n d s w i t h p y r i d i n e o r b i p y r i d i n e l i g a n d s ( r e f . 1 9 ) . E l e c t r o n exchange i s assumed t o o c c u r a t van d e r Waals c o n t a c t , r = p, + aa = 2a so t h a t eq 7 r e d u c e s t o Aout = 1 / ( 2 a ) when t h e s o l v e n t i s h e l d c o n s t a n t .
Thus i n t h e R u ( N % )~ ... R~( b p y )~ s e r i e s , 2a r a n g e s from 6.8 t o 13.6 4 ; t h e r e f o r e Aout F i g u r e 7 i l l u s t r a t e s how s u c c e s s f u l t h i s s i m p l e t r e a t m e n t can be.
Furthermore, e x c e l l e n t agreement i s found between t h e observed and c a l c u l a t e d rate c o n s t a n t s :
This s u g g e s t s t h a t a s y s t e m a t i c v a r i a t i o n i n lout f o r ruthenium
4.2 x lo8
In t h i s series, t h e lo5 v a r i a t i o n i n exchange rate a r i s e s p r i m a r i l y from changing K~ by m a n i p u l a t i o n of t h e r a d i i of t h e r e a c t a n t s . ( 2 ) I n t r a m o l e c u l a r e l e c t r o n t r a n s f e r i n b r i d g e d systems. A p p l i c a t i o n s o f a n e l l i p s o i d a l model. B i n u c l e a r b r i d g e d s y s t e m s a f f o r d a n e x c e l l e n t o p p o r t u n i t y t o probe t h e d i s t a n c e dependence of K .
A l i m i t a t i o n of t h i s approach i s t h a t t h e c e n t e r -t o -c e n t e r s e p a r a t i o n and t h e r e a c t a n t r a d i i cannot be v a r i e d i n d e p e n d e n t l y . This l i m i t a t i o n i s overcome by t u r n i n g t o b i n u c l e a r b r i d g e d systems i n which t h e l e n g t h of t h e b r i d g e c a n be v a r i e d .
. t h e m e t a l -t w m e t a l c h a r g e t r a n s f e r (HMCT) t r a n s i t i o n ( e q 9) can b e determined a s a f u n c t i o n of metal-metal s e p a r a t i o n . systems ( A G O = 0) a r e used, t h e d i s t a n c e dependence of Eop s h o u l d r e f l e c t t h a t of Aout. These may b e r e s o l v e d through s t u d i e s of t h e t e m p e r a t u r e dependences of t h e r a t e s .
0.5
The f r e e energy of a c t i v a t i o n f o r t h e e l e c t r o n t r a n s f e r , d e r i v i n g from t h e need f o r n u c l e a r r e o r g a n i z a t i o n , i s g i v e n by eq 4.
The a c t i v a t i o n e n e r g y and e n t r o p y a s s o c i a t e d w i t h t h e n u c l e a r r e o r g a n i z a t i o n can b e o b t a i n e d from t h e f r e e energy by u s e of t h e Gibbs-Helmholtz e q u a t i o n . If X i s assumed t o be t e m p e r a t u r e i n d e p e n d e n t , t h e n AH* and AS* are g i v e n by ( r e f . 2 4 ) :
'Ihe r a t e c o n s t a n t s t h u s r e f l e c t a c o m p l i c a t e d s e t of f a c t o r s . Then, w i t h
Thus A and i t s d i s t a n c e dependence c a n be o b t a i n e d from A H # and i t s d i s t a n c e -AH'/RT
( 1 2 ) A s f / R -Rn ~~g
( 1 3 )
For t h e b i n u c l e a r m o l e c u l e s i n eq 9 and 10 a n e l l i p s o i d a l c a v i t y model a p p e a r s a more a p p r o p r i a t e t r e a t m e n t of t h e m o l e c u l a r s h a p e s t h a n does t h e two-sphere model used above. In t h e e l l i p s o i d a l c a v i t y model c h a r g e Ae i s t r a n s f e r r e d a d i s t a n c e r a l o n g t h e major a x i s of a n e l l i p s o i d a l c a v i t y of i n t e r n a l d i e l e c t r i c c o n s t a n t Din. c a v i t y and i s q u i t e s e n s i t i v e t o t h e d i s t a n c e of t h e redox s i t e s from t h e s u r f a c e of t h e c a v i t y : X o u t i s r e l a t i v e l y l a r g e when t h e c a v i t y s u r f a c e i s h i g h l y curved and t h e redox s i t e s a r e l o c a t e d n e a r t h e "ends" of t h e major a x i s ( r e f . 9 ) .
In Fig. 8 , t h e d i s t a n c e dependence of Xout i s shown. G e n e r a l l y good agreement between t h e c a l c u l a t e d and e x p e r i m e n t a l v a l u e s i s found. However, t h e e l l i p s o i d a l model used ( r e f . 9) does t e n d t o o v e r e s t i m a t e Aout a t small r and u n d e r e s t i m a t e Xout a t l a r g e r. d e v i a t i o n s are b e l i e v e d t o a r i s e from s p e c i f i c donor-acceptor i n t e r a c t i o n s between t h e ammine p r o t o n s and t h e s o l v e n t and from t h e f a c t t h a t , a t l a r g e r , t h e e l l i p s o i d a l c a v i t y e l o n g a t e s e x c e s s i v e l y , e x c l u d i n g t o o much s o l v e n t from t h e v i c i n i t y of t h e redox s i t e s . The l a t t e r e f f e c t i s i l l u s t r a t e d i n t h e right-hand s i d e of Fig. 8 . I n any e v e n t , i t i s e v i d e n t t h a t X o u t i n c r e a s e s by more t h a n a f a c t o r of 2 over t h e d i s t a n c e r a n g e c o n s i d e r e d (6-18 A ) . f o r O s ( I I ) -t c r R u ( I I I ) e l e c t r o n t r a n s f e r ( e q 1 0 ) . Xout w a s o b t a i n e d from t h e e x p e r i m e n t a l X v a l u e s u s i n g X i n = 0.18 eV; t h e c u r v e was c a l c u l a t e
Xout depends on t h e shape of t h e These
d from t h e e l l i p s o i d a l c a v i t y model ( r e f . 9 ) . Right: At l a r g e s e p a r a t i o n s t h e e l l i p s o i d a l model r u n s i n t o d i f f i c u l t y because t h e c a v i t y e x c l u d e s t o o much s o l v e n t from t h e v i c i n i t y of t h e charged s i t e s r e s u l t i n g i n t o o low a v a l u e of Aout ( r e f . 9 ) .
'he c i r c l e s are o b t a i n e d from A$ D i s t a n c e dependence of n u c l e a r and e l e c t r o n i c f a c t o r s . The i n t r a m o l e c u l a r e l e c t r o n -t r a n s f e r r a t e c o n s t a n t s determined f o r eq 10 are summarized i n Table 2.   TABLE 2 . Rate c o n s t a n t s f o r i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r i n ( N % )50s1Liso(proline)n-Ru111(NH3)5 a t 25 O C ( r e f . 2 3 ) . 
The a t t e n u a t i o n of e l e c t r o r t r a n s f e r r a t e s w i t h s e p a r a t i o n d i s t a n c e h a s o f t e n been a s c r i b e d t o t h e d i m i n u t i o n of t h e e l e c t r o n i c f a c t o r . When t h e e l e c t r o n i c o v e r l a p g i v i n g r i s e t o HAB i s assuned t o d e c r e a s e e x p o n e n t i a l l y w i t h d i s t a n c e , eq 2 may be approximated as eq 2a
( r e f . 7 )
where t h e r e a c t i o n i s a d i a b a t i c a t r = ro, and v n = 1013 s-'. Then
Indeed t h e d a t a i n Table 2 do e x h i b i t a n e x p o n e n t i a l dependence of rate on d i s t a n c e :
( 1 4 ) However, as shown i n Fig. 9 
, t h i s d i s t a n c e dependence i s by no means a consequence of t h e e l e c t r o n i c f a c t o r a l o n e : a , t h e s l o p e of En k v s r i s 1.59 A -l ; from t h e p l o t of A $ / R v s r , B = 0.68 A-' and from t h e p l o t o f AHf/RT v s r t h e s l o p e i s 0.91 21-l ( r e f . 2 3 ) . Thus t h e d i s t a n c e dependence of t h e n u c l e a r f a c t o r f o r t h e systems i n T a b l e 2 i s even g r e a t e r t h a n t h a t of t h e e l e c t r o n i c f a c t o r and t h e assumption t h a t t h e a t t e n u a t i o n of r a t e w i t h d i s t a n c e arises e n t i r e l y through t h e e l e c t r o n i c f a c t o r c a n b e i n s e r i o u s e r r o r .
D i s t a n c e dependence of t h e r a t e c o n s t a n t s ( l e f t ) and a c t i v a t i o n p a r a m e t e r s
( r i g h t ) f o r i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r ( e q 10) w i t h n = 1 (12.2 A ) ...
(18.1 A ) .
See Table 2 and r e f . 23.
( 3 ) A one-sphere model f o r i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r .
XOut through t h e i n v e s t i g a t i o n o f MMCT band e n e r g i e s and through t h e d e t e r m i n a t i o n of A$ The e x p e r i m e n t a l e v a l u a t i o n of f o r -t h e r m a l i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r was o u t l i n e d above. A t h i r d approach --t h e c h a r a c t e r i z a t i o n of t h e dependence of r a t e on A G O f o r systems w i t h f i x e d X --i s c o n s i d e r e d n e x t ; t h i s approach e x p l o i t s t h e f a c t t h a t t h e e l e c t r o n -t r a n s f e r r a t e a t t a i n s i t s maximum v a l u e when -A G O = A. t h e product K~V~ can a l s o b e o b t a i n e d from t h e maximum r a t e .
For t h i s p u r p o s e , t h e r a t e i s e x p r e s s e d as eq 15 and i t i s e v i d e n t t h a t T h i s s t r a t e g y h a s been u t i l i z e d
( r e f . 25) f o r e l e c t r o n t r a n s f e r i n " r u t h e n a t e d " cytochrome c d e r i v a t i v e s . i r o n . a n a t t a c h m e n t p o i n t f o r o t h e r m e t a l c e n t e r s , e.g. R u ( N H~)~* +~~+ ( r e f .
6 ) . When t h e i r o n i s removed from t h e cytochrome, z i n c may be i n c o r p o r a t e d i n t o t h e heme site. This s u b s t i t u t i o n i n t r o d u c e s a p h o t o a c t i v e redox c o r e because t h e l o n g -l i v e d , p o r p h y r i n -c e n t e r e d , s i n g l e t and t r i p l e t e x c i t e d s t a t e s of t h e Zn d e r i v a t i v e s a r e b o t h powerful o x i d i z i n g and r e d u c i n g a g e n t s .
b a c k -r e a c t i o n r a t e c o n s t a n t s , a s e r i e s of i n t r a m o l e c u l a r e l e c t r o n -t r a n s f e r rate c o n s t a n t s may be o b t a i n e d a t c o n s t a n t r (Aout) as a f u n c t i o n of A G O . systems a r e shown i n Fig. 10 .
From Fig. 10 i t i s concluded t h a t K~V i m p l i c a t e w, = lo1' s-l and B = 0.9 A-P; t h e l a t t e r v a l u e i s somewhat l a r g e r t h a n found f o r t h e polypeptide-bridged s p e c i e s i n Fig. 9 .
I n t e r e s t i n g l y , t h e v a l u e of A f o r t h e cytochrome s e r i e s , 1.3 eV, i s comparable t o X o u t f o r t h e polypeptide-bridged systems a t a similar m e t a l -t c r m e t a l s e p a r a t i o n d e s p i t e t h e f a c t t h a t t h e redox s i t e s a r e exposed t o more s o l v e n t i n t h e p o l y p e p t i d e systems.
To model AOut f o r t h e d e r i v a t i z e d m e t a l l o p r o t e i n systems a s i n g l e -s p h e r e model ( r e f . 31) c a n b e a p p l i e d . where t h e c a l c u l a t e d dependence of X o u t on t h e l o c a t i o n of t h e Ru(NH3)5 moiety on t h e p r o t e i n s u r f a c e i s a l s o given. s u g g e s t i n g a s i g n i f i c a n t X i n c o n t r i b u t i o n f o r t h e m e t a l l o p r o t e i n .
Cytochrome C i s a l a r g e -r a d i u s m e t a l l o p r o t e i n which normally c o n t a i n s a heme The N-3 of t h e i m i d a z o l e g r o u p i n h i s t i d i n e 33 (a 16 A from t h e i r o n ) may be used a s
Thus, through f l a s h -p h o t o l y s i s s t u d i e s of t h e e x c i t e d -s t a t e l i f e t i m e s and
To d a t e t h e A G O r a n g e encompassed i s > 1 eV and t h e r a t e c o n s t a n t s r a n g e from 2. . Dependence of t h e r a t e c o n s t a n t f o r i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r on d r i v i n g f o r c e f o r s u b s t i t u t e d cytochrome c d e r i v a t i v e s ( w a t e r , 25 "C). The c u r v e was c a l c u l a t e d from e q 15 w i t h K~V~ = 3.3 x lo6 s-l and X = 1.3 eV.
from r e f . 25,27. Fig. 11 . Single-sphere model f o r i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r w i t h i n a d e r i v a t i z e d m e t a l l o p r o t e i n . Fig. 1 0 , r(ESM) = 1 8 A , t h e m e t a l l o p r o t e i n r a d i u s i s 16 A ( i n s e r t ) and Xout = 0.7 eV. The c u r v e shows t h e dependence of X o u t on r(M-M) o b t a i n e d when t h e ruthenium i s moved a l o n g t h e s u r f a c e of a 13 A c o n c e n t r i c s p h e r e t h e r e b y v a r y i n g r(M-M) from 5 t o 2 2 A . r e s i d u e s on t h e p r o t e i n s u r f a c e , a n approach which h a s been used w i t h myoglobin d e r i v a t i v e s ( r e f . 281.)
For t h e cytochrome c d e r i v a t i v e s s t u d i e d i n
Adapted ( I n p r a c t i c e , r(M-M) i s v a r i e d by a t t a c h i n g t h e Ru(NH3)5 moiety t o d i f f e r e n t Although i t h a s o f t e n been assumed t h a t X o u t v a r i a t i o n s can be n e g l e c t e d f o r m e t a l l o p r o t e i n systems of t h i s t y p e , i t i s e v i d e n t t h a t Xout i n c r e a s e s d r a m a t i c a l l y w i t h t h e s e p a r a t i o n of t h e redox s i t e s . n u s , a s f o r t h e mixed-valence and p o l y p r o l i n e s y s t e m s , t h e d i s t a n c e dependence of K~ ( t h r o u g h Xout) must b e t a k e n i n t o c o n s i d e r a t i o n when i n t e r p r e t i n g t h e d i s t a n c e dependence of t h e e l e c t r o r r t r a n s f e r r a t e i n m e t a l l o p r o t e i n systems.
( 4 ) A one-sphere model f o r c h a r g e -t r a n s f e r band e n e r g i e s -S o l v e n t dependences. e v i d e n t from eq 7 and 13 t h a t t h e s o l v e n t dependence of e l e c t r o n -t r a n s f e r rates o r of MMCT band e n e r g i e s a f f o r d s a n o t h e r e x p e r i m e n t a l probe of lout o r K~. dependence of MMCT bands h a s been r a t h e r widely e x p l o r e d f o r mixed-valence b i n u c l e a r complexes ( r e f . 2 1 ) .
knowledge of X out i s v i t a l t o u n d e r s t a n d i n g a b s o r p t i o n / e m i s s i o n s p e c t r a and e x c i t e d -s t a t e l i f e t i m e s .
It i s
Indeed t h e s o l v e n t ?he magnitude of Xout i s a l s o i m p o r t a n t i n mononuclear systems where The s o l v e n t dependences of c h a r g e t r a n s f e r band maxima r e f l e c t t h e s o l v e n t dependences of b o t h A G O and A. S i n c e , w i t h i n a d i e l e c t r i c continuum model, A G O i s a f u n c t i o n of t h e s o l v e n t s t a t i c d i e l e c t r i c c o n s t a n t D, w h i l e lout i s a f u n c t i o n of D,, Do , and D i n ( t h e i n t r a c a v i t y d i e l e c t r i c c o n s t a n t ) , t h e s o l v e n t s h i f t s of t h e bang maxima r e f l e c t a complicated s e t of f a c t o r s .
Consequently e m i s s i v e s y s t e m s , f o r which b o t h t h e sum and d i f f e r e n c e ( S t o k e s s h i f t ) of a b s o r p t i o n (Eabs
For Gaussian-shaped a b s o r p t i o n and e m i s s i o n bands (and n e g l e c t i n g z e r o -p o i n t e n e r g i e s ) eq 16a and 17a a p p l y ( F i g . 1 2 ) . Fig. 12 . A c l a s s i c a l d e s c r i p t i o n of m e t a l -t o -l i g a n d c h a r g e -t r a n s f e r (MLCT) a b s o r p t i o n and emission. The s p h e r i c a l , non-polar g r o u n d -s t a t e molecule undergoes MLCT t o g i v e a d i p o l a r e x c i t e d state. g r o u n d -s t a t e "minimum" a n d , e m i s s i o n , from t h e e x c i t e d -s t a t e "minimum".
A G O i s t h e f r e e energy of t h e e x c i t e d s t a t e minus t h a t of t h e ground s t a t e . The ground-and e x c i t e d -s t a t e energy s u r f a c e s are assumed t o have t h e same f o r c e c o n s t a n t s (A v a l u e s ) .
Absorption o c c u r s v e r t i c a l l y from t h e
When, as i s commonly found i n i n o r g a n i c s y s t e m s , a b s o r p t i o n i n v o l v e s a s i n g l e t -s i n g l e t t r a n s i t i o n b u t e m i s s i o n i n v o l v e s a change i n s p i n -m u l t i p l i c i t y ( " t r i p l e t " -s i n g l e t ) , c o r r e c t i o n f o r t h e s i n g l e t -t r i p l e t s p l i t t i n g A(S-T) needs t o be made and i s g i v e n by eq 16b, 17b when A i s t h e same f o r t h e s i n g l e t and t r i p l e t e x c i t e d s t a t e s . Here A G O i s t h e energy of t h e e m i t t i n g t r i p l e t s t a t e w i t h r e s p e c t t o t h e ground ( s i n g l e t ) s t a t e .
I a27
Equations 16a-17b a r e c l a s s i c a l e x p r e s s i o n s . However, when high-frequency modes ( h u i n ) are p r e s e n t t h e c o r r e c t i o n s f o r z e r c r p o i n t e n e r g i e s c a n be a p p r e c i a b l e , even f o r Gaussian-shaped
bands ( X i n / h u i n > 5 ) . When X i n / h u i n ( 1 t h e most i n t e n s e v i b r o n i c component of t h e a b s o r p t i o n o r e m i s s i o n band i s t h e zero-zero t r a n s i t i o n .
The e n e r g i e s of t h e s e t r a n s i t i o n s a r e r e l a t e d by eq 16c and 17c f o r t h e c a s e of a c l a s s i c a l and a high-frequency mode.
Eabs(O,O) + Eem(O,O) 2AG' + A(S-T)
( 1 6~) W e now t u r n t o a s p e c i f i c example, Ru(bpy)32+ ( r e f . 3 2 ) . e m i s s i o n bands a r e s t r u c t u r e d a s a consequence of t h e high-frequency i n t r a l i g a n d modes ( b i n 1350 cm-', Xin/hu 1) ( r e f . 3 3 ) . 'It~us eq 16c and 17c a r e used.
In o r d e r t o model L o u t , R~( b p y ) 3 ' +~f l s t r e a t e d a s a s p h e r e . For s u c h a symmetric s p e c i e s , t h e ground s t a t e of t h e molecule h a s no d i p o l e . a b s o r p t i o n g i v e s r i s e t o a p o l a r e x c i t e d s t a t e when t h e promoted e l e c t r o n i s l o c a l i z e d on a s i n g l e bpy l i g a n d ( [RulI1(bpy), (bpy-) 1") :
For Ru(bpy)32+, a b s o r p t i o n and However, m e t a l -t c r l i g a n d c h a r g e -t r a n s f e r (MLCT) I n Fig. 1 3 t h e e x p e r i m e n t a l and c a l c u l a t e d p a r a m e t e r s s u g g e s t e d by eq 16 and 17 a r e shown.
I n c o n s t r u c t i n g t h e p l o t s , A(S-T) = 0.58 eV was used. With t h e e x c e p t i o n of t h e bout c a l c u l a t i o n , o n l y t h e s l o p e s ( s o l v e n t s h i f t s ) and n o t t h e i n t e r c e p t s of t h e p l o t s a r e s i g n i f i c a n t b e c a u s e t h e v a l u e of A(S-T) i s u n c e r t a i n and t h e v a l u e of A G O i n vacuum ( r e q u i r e d f o r t h e c a l c u l a t i o n of A G O i n t h e v a r i o u s s o l v e n t s ) i s n o t known.
The s o l v e n t dependence of t h e Ru(bpy)3'+ s p e c t r a i s q u i t e s m a l l ; t h i s i s e x p e c t e d because t h e c h a r g e -t r a n s f e r d i s t a n c e (3.4 A ) i s r e l a t i v e l y s m a l l and t h e " c a v i t y " r a d i u s (6.8 A ) i s r e l a t i v e l y l a r g e . D e s p i t e t h e s m a l l s o l v e n t -s h i f t r a n g e , good agreement between observed and c a l c u l a t e d s h i f t s i s found: Z G o v a l u e s t r a c k t h e r e c i p r o c a l o f t h e bulk d i e l e c t r i c c o n s t a n t ; t h e S t o k e s s h i f t s and c a l c u l a t e d X o u t v a l u e s have similar s o l v e n t dependences. Note t h a t , w h i l e Xout i s not a s i m p l e f u n c t i o n of l / D o p -l / D s i n a g e n e r a l one-sphere model ( r e f . 3 1 ) , t h e r e i s a t r e n d toward i n c r e a s i n g Xout a t i n c r e a s e d l / D o p -l / D s ( i n c r e a s e d s o l v e n t p o l a r i t y ) i n Fig. 1 3 ( r i g h t ) .
'Ihe e x p e r i m e n t a l v a l u e s of (Eabs + Eem) and " c a l c u l a t e d " For R~( b p y )~' + , i t i s concluded t h a t XOut . . 0.095 eV i n w a t e r , w i t h 
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XOut b e i n g even s m a l l e r i n most o t h e r s o l v e n t s (0.072 eV i n methylene c h l o r i d e ) --i n r e a s o n a b l e agreement w i t h o t h e r work ( r e f . 33-37).
The n u c l e a r f a c t o r and e x c i t e d -s t a t e l i f e t i m e s . s t a t e by i n t r a m o l e c u l a r (bpy-t o R u ( I I 1 ) ) e l e c t r o n t r a n s f e r l i e s i n t h e i n v e r t e d r e g i o n .
Ihe decay of t h e Ru(bpy)3'+ MLCT e x c i t e d
T h e r e f o i e t h e R~( b p y )~' + e x c i t e + s t a t e l i f e t i m e i n f l u i d s o l u t i o n should d e c r e a s e w i t h i n c r e a s i n g AOut and d e c r e a s i n g A G O ( s e e Fig. 5 ) . C o n s i s t e n t w i t h t h i s e x p e c t a t i o n , t h e e x c i t e + s t a t e l i f e t i m e i s s h o r t e r i n p o l a r t h a n i n n o n p o l a r media when i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r i s t h e o n l y decay r o u t e ( r e f . 33).
When high-frequency i n n e r -s h e l l modes, which g i v e r i s e t o s t r u c t u r e d s p e c t r a , are a c t i v e t h e c l a s s i c a l r a t e e x p r e s s i o n eq 2-5 i s i n a d e q u a t e . I n s t e a d , e x p r e s s i o n s d e r i v e d from r a d i a t i o n l e s s -t r a n s i t i o n t h e o r y are a p p r o p r i a t e and have found wide a p p l i c a t i o n f o r MLCT s t a t e s of a l a r g e number of bpy and ?hen based complexes ( r e f . 32-37).
high-frequency mode ( h v i n -1350 cm-(hwout << 2kT), t h e n u c l e a r f a c t o r f o r ( n o n a d i a b a t i c ) e l e c t r o n t r a n s f e r i n t h e i n v e r t e d r e g i o n i s e x p r e s s e d a s eq 18 ( r e f . 1 2 ) . (Note eq 18, t h e two-mode e x p r e s s i o n f o r t h e r a t e , c o r r e s p o n d s t o eq 16c and 17c f o r t h e MLCT spectrum.)
For t h e c a s e of a > 2kT) and a low-frequency c l a s s i c a l mode
I n t h i s l i m i t , c l a s s i c a l b a r r i e r c r o s s i n g , even f o r t h e r e l a t i v e l y slow s o l v e n t d i p o l e r e o r i e n t a t i o n ( h v o u t ) , c e a s e s t o c o n t r i b u t e s i g n i f i c a n t l y t o t h e rate; i n s t e a d t h e low-frequency modes s e r v e t o r e d u c e t h e d r i v i n g f o r c e f o r e l e c t r o n t r a n s f e r from abGI to f i g h ""1 frequency t r a n s i t i o n i s from t h e v = 0 l e v e l of t h e i n i t i a l s t a t e t o t h e v' = -XOut w i t h t h e high-frequency mode s e r v i n g t o a c c e p t t h i s energy. Thus t h do i n a n t ()AGO( -X o u t ) / h v i n l e v e l of t h e f i n a l s t a t e .
The b e h a v i o r of t h e n u c l e a r f a c t o r i n t h i s regime w i l l be i l l u s t r a t e d by t h e series of r u t h e n i u m ( I 1 ) complexes d i s c u s s e d e a r l i e r ( F i g . 7 ) . Although t h e R u ( I I ) / ( I I I ) redox p o t e n t i a l s v a r y o v e r almost 1 V , t h e complexes have similar MLCT a b s o r p t i o n maxima ( T a b l e 3 ) . complexes can be s t u d i e d by t r a n s i e n t a b s o r p t i o n s p e c t r o s c o p y . The e x c i t e d -s t a t e l i f e t i m e s i n t h i s series r a n g e from a microsecond t o 200 p i c o s e c o n d s , a r a n g e of n e a r l y 10,000 i n n o n r a d i a t i v e decay r a t e .
Only Ru(phen)s2+ i s s i g n i f i c a n t l y e m i s s i v e , b u t t h e MLCT s t a t e s of a l l of t h e TABLE 3. Ground-state MLCT a b s o r p t i o n maxima and MLCT e x c i t e + s t a t e l i f e t i m e s i n water (25 "C).
a r e f . 33.
b r e f . 36. C r e f . 38. d r e f . 39. E m p i r i c a l l y , t h e e x c i t e d -s t a t e l i f e t i m e s o r n o n r a d i a t i v e r a t e c o n s t a n t s c o r r e l a t e w i t h t h e b i m o l e c u l a r e l e c t r o r r e x c h a n g e r a t e s i n Fig. 7 , w i t h t h e m o l e c u l a r volumes of t h e complexes, and w i t h t h e m e t a l -c e n t e r e d redox p o t e n t i a l s .
The c o r r e l a t i o n of l i f e t i m e w i t h volume s u g g e s t s t h a t t h e r a t e v a r i a t i o n s may b e r e l a t e d t o v a r i a t i o n s of AOut w i t h t h e " s i z e " of t h e complex w h i l e t h e c o r r e l a t i o n w i t h redox p o t e n t i a l s u g g e s t s a s y s t e m a t i c v a r i a t i o n i n A G O .
To e x p l o r e t h e o r i g i n of t h e s e p a t t e r n s we t u r n t o eq 18. Because emission d a t a a r e n o t a v a i l a b l e f o r t h e tetra-and pentaammine complexes, we u s e t h e a b s o r p t i o n d a t a a l o n e : Eabs = A G O -A o u t -A(S-T) ( i . e . , X i n / h v i n 5 1 i s assumed f o r a l l of t h e complexes). I n a d d i t i o n we u s e a s i m p l i f i e d t r e a t m e n t s u g g e s t e d by eq 18: For a homologous series of complexes ( r e f . 33) s u c h a s t h o s e i n T a b l e 3 , K~V~ and t h e f i r s t and l a s t terms i n P,n(Kn) e q 18 a r e e x p e c t e d t o v a r y l e s s t h a n t h e c e n t r a l , " e f f e c t i v e energy gap", term. Thus e q 19 i s suggested.
Eabs and P,n(k,obsd) a r e o b t a i n e d from T a b l e 3 ; A(S-T) i s t a k e n as a c o n s t a n t (0.58 eV); changes i n A i n , hvin, and y a r e n e g l e c t e d , and XOut i s o b t a i n e d from model c a l c u l a t i o n s .
[For Ru( p h e n ) , ( e d 2 + , Ru(phen),(NH3),'+, and Ru(phen)(NH3)42+, Aout i s c a l c u l a t e d from t h e averaged s p h e r i c a l r a d i u s (6.00, 5.80, 4.62 A ) approximation ( r e f . 1 9 ) , w i t h t h e p o s i t i o n s and l e n g t h s of t h e e x c i t e d -s t a t e d i p o l e s being i n t e r m e d i a t e between t h e v a l u e s f o r Ru(phen)32+ and Ru(NH3)5pz2+. band-width c o n s i d e r a t i o n s ( r e f . 39).1 In Fig. 14, t h e measured n o n r a d i a t i v e decay r a t e s are
For Ru(NH3)5pz2+, Xout was e s t i m a t e d from p l o t t e d a g a i n s t t h e c a l c u l a t e d e n e r g y gaps. 
Fig. 15. Ground-and e x c i t e d -s t a t e m a n i f o l d s f o r s i n g l e t MLCT s t a t e s showing t h e
e f f e c t o f i n c r e a s i n g Xout a t c o n s t a n t Eabs. d i s p l a c e d below t h e c o r r e s p o n d i n g s i n g l e t s t a t e s by a c o n s t a n t amount.
P l o t of t h e observed r a t e c o n s t a n t s f o r t h e n o n r a d i a t i v e decay of t h e
The l i n e h a s a
The t r i p l e t e x c i t e d s t a t e s are R~( p h e n )~ d a t a p o i n t s f a l l q u i t e c l o s e t o t h e l i n e w h i l e t h e R u ( N H~)~ and R u ( N H~)~ r a t e s are o n l y about 30 times " t o o l a r g e " . The agreement i s e s p e c i a l l y s t r i k i n g s i n c e we have used o n l y a b s o r p t i o n d a t a here. g r e a t e r i n Fig. 14 t h a n i n r e f . 33.
While t h e a p p l i c a t i o n of t h e f u l l eq 18 ( o r more complex t r e a t m e n t s , i n c l u d i n g i n t e r m e d i a t e f r e q u e n c y modes and l i g a n d -f i e l d s t a t e s ) would be d e s i r a b l e ( b u t i m p r a c t i c a l without d e t a i l e d emission d a t a s e t s f o r a l l of t h e complexes) t h e t r e n d i n Fig. 14 p r o v i d e s a s e m i q u a n t i t a t i v e e x p l a n a t i o n f o r t h e l i f e t i m e -s i z e c o r r e l a t i o n : maxima (Eabs v a l u e s ) f o r t h e complexes a r e s i m i l a r , X o u t i n c r e a s e s and A G O d e c r e a s e s w i t h i n c r e a s i n g number of N% groups; t h u s A G O -Xout d r o p s a l o n g t h e series and t h e i n t r a m o l e c u l a r e l e c t r o r r t r a n s f e r rates i n c r e a s e . r e f l e c t s opposing changes i n A G O and Xout ( F i g . 1 5 ) . e x c i t e d -s t a t e l i f e t i m e ( a n d p h o t o r e a c t i v i t y ) : e x c i t e d -s t a t e l i f e t i m e makes p o s s i b l e a r i c h b i m o l e c u l a r e x c i t e d -s t a t e photochemistry; a t t h e o t h e r , t h e v e r y s h o r t -l i v e d Ru(NH3 )5 pz2+, t h e only b i m o l e c u l a r photochemistry d e t e c t e d i n v o l v e s r e a c t i o n s w i t h t h e s o l v e n t . S u r p r i s i n g l y , however, t h e Ru(phen)3 and & r e o v e r t h e r a t e and energy-gap r a n g e encompassed i s much
Although t h e a b s o r p t i o n
Here t h e approximate constancy of Eabs Thus Eabs a l o n e does n o t d e t e r m i n e At t h e one extreme, Ru(phen)3'+, t h e l o n g
CONCLUDING R E M A R K S
The s o u r c e s and consequences of v a r i a t i o n s i n t h e n u c l e a r f a c t o r i n e l e c t r o n -t r a n s f e r r e a c t i o n s have been examined. I n t r a n s i t i o n metal s y s t e m s , v a r i a t i o n s of t h e i n n e r -s h e l l b a r r i e r w i t h o d o r b i t a l p o p u l a t i o n g i v e s r i s e t o > 108-fold v a r i a t i o n i n self-exchange r a t e c o n s t a n t s . I n systems w i t h n e g l i g i b l e i n n e r -s h e l l b a r r i e r s , s i z e v a r i a t i o n s a l o n e can g i v e r i s e t o a 1 6 -f o l d v a r i a t i o n i n b i m o l e c u l a r exchange r a t e . e l e c t r o n -t r a n s f e r r a t e on t h e s e p a r a t i o n o f t h e redox s i t e s a r i s e s from t h e dependence of b o t h e l e c t r o n i c and n u c l e a r f a c t o r s on d i s t a n c e . The dependence o f t h e n u c l e a r f a c t o r ( t h r o u g h Aout) on d i s t a n c e may b e e x p e r i m e n t a l l y e v a l u a t e d i n b i n u c l e a r s p e c i e s i n which
Tne dependence of t h e redox s i t e s a r e bound a t known d i s t a n c e : MMCT band e n e r g i e s i n s e l e c t e d systems g i v e X o u t d i r e c t l y , as c a n t h e d r i v i n g f o r c e c o r r e c t e d t e m p e r a t u r e dependence of t h e t h e r m a l r a t e c o n s t a n t , o r t h e f r e e e n e r g y dependence of t h e r a t e a t f i x e d d i s t a n c e . It i s concluded t h a t i n t r a m o l e c u l a r e l e c t r o n -t r a n s f e r rates may v a r y a thousand-fold o v e r t h e d i s t a n c e r a n g e 9-20 A a s a consequence of changes i n t h e n u c l e a r f a c t o r (Aout) a l o n e , t h u s posing a s e r i o u s c o m p l i c a t i o n i n t h e i n v e s t i g a t i o n of t h e a t t e n u a t i o n of t h e e l e c t r o n i c f a c t o r w i t h d i s t a n c e . t h e i n v e r t e d f r e e e n e r g y region. i n c r e a s i n g s o l v e n t p o l a r i t y o r d i m i n i s h i n g m o l e c u l a r s i z e .
The r e s u l t s c o n s i d e r e d h e r e u n d e r s c o r e t h e importance of a c c u r a t e e x p e r i m e n t a l o r c o m p u t a t i o n a l e v a l u a t i o n of X o u t .
The decays of many MLCT e x c i t e d s t a t e s v i a i n t r a m o l e c u l a r e l e c t r o n t r a n s f e r l i e i n 'll-~us t h e i r decay rates i n c r e a s e when lout i s i n c r e a s e d by
